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The orthoreoviruses can be divided into subgroups based on either their restricted host range or the unusual ability of
certain members of this group of nonenveloped viruses to induce cell–cell fusion from within. Phylogenetic relationships
cannot be inferred based on these biological properties because fusogenic reoviruses are present in both the avian and
mammalian subgroups. To address this issue, the complete nucleotide sequences of the three S-class genome segments
encoding the major s-class core, outer capsid, and nonstructural proteins of four fusogenic reoviruses were determined and
used to establish the phylogeny of the orthoreoviruses. The viruses analysed included two strains of avian reovirus and the
only known fusogenic mammalian reoviruses, Nelson Bay virus and baboon reovirus. Comparative sequence analysis of
these fusogenic reoviruses and the prototypical nonfusogenic mammalian reoviruses indicated a highly diverged genus with
both conserved and unique sequence-predicted structural motifs in the major s-class proteins. Phylogenetic analysis
provided the basis for the first taxonomic subdivision of the orthoreoviruses into species classes based on inferred
evolutionary relationships. It is proposed that the orthoreoviruses consist of at least four species that separate into three
clades. The nonfusogenic mammalian reovirus species represent a single clade, and the fusogenic reoviruses separate into
two distinct clades. The first clade of fusogenic reoviruses contains the avian reovirus- and Nelson Bay virus-type species,
with the second clade being occupied by the single baboon reovirus isolate that represents a fourth orthoreovirus species.
© 1999 Academic Press
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nINTRODUCTION
The genus Orthoreovirus is one of nine accepted genera
n the family Reoviridae (Murphy et al., 1995). Like most
ouble-stranded RNA (dsRNA) viruses, members of this
arge and diverse family are all icosahedral, nonenveloped
iruses (reviewed in Nibert et al., 1996; Pereira, 1991). There
s limited sequence conservation between members of
ifferent genera in the Reoviridae, which also display dis-
inct capsid morphologies, host ranges, biological proper-
ies, replication strategies, electropherotypes, and protein
rofiles (Murphy et al., 1995; Pereira, 1991). Members within
he genus Orthoreovirus share similar capsid structures,
enome segment profiles, and protein compositions (Mur-
hy et al., 1995; Nibert et al., 1996). Extensive sequence
nalysis has clearly established the evolutionary relation-
hips of the three serotypes of mammalian orthoreoviruses
nd revealed a fairly homogeneous genus (Weiner and
oklik, 1987, 1989).
The orthoreoviruses are not, however, entirely homoge-
eous and can be subdivided based on distinct biological
roperties, most notably, their host range and the unusual
bility of certain members to induce syncytium formation
Fig. 1). Cell–cell fusion, a property typical of avian reovi-
uses (ARVs), is not associated with the prototype mamma-
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316ian reoviruses (MRVs) (Nibert et al., 1996; Robertson and
ilcox, 1986). There are, however, two atypical MRV iso-
ates, Nelson Bay virus (NBV) and baboon reovirus (BRV),
nd two isolates from snakes that share the syncytium-
nducing properties of the avian subgroup (Duncan et al.,
995, and references therein). The evolutionary relation-
hips and the extent of divergence between the fusogenic
nd nonfusogenic reoviruses, or between the mammalian
nd avian viruses, have not been established.
Phylogenetic analysis of the fusogenic and nonfuso-
enic reoviruses is an essential step in clarifying the
pecies taxon within the genus Orthoreovirus. The Inter-
ational Committee on Taxonomy of Viruses (ICTV) re-
ently agreed to implement the species class as the
owest taxonomic level (Mayo, 1996; Pringle, 1991; Van
egenmortel et al., 1997). Virus species are to be defined
sing polythetic criteria to accommodate the inherent
ariability of viruses (Mayo, 1996), and it is generally
ccepted that the hierarchal taxonomic scheme should
eflect both genealogical and biological similarities (Cal-
sher et al., 1995; Mayo and Pringle, 1997; Van Regen-
ortel et al., 1997). The particular criteria to be used in
etermining species relationships will vary between the
ifferent families and genera and include such factors as
equence similarity, host range, tissue tropism, pathoge-
icity, physicochemical properties, and antigenic related-
ess (Van Regenmortel, 1990; Van Regenmortel et al.,
997).
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317ORTHOREOVIRUS PHYLOGENYAntigenic analysis of the fusogenic and nonfusogenic
eoviruses indicated that ARV, MRV, NBV, and BRV pos-
ess limited epitope conservation and may represent
istinct orthoreovirus genogroups (Duncan et al., 1995).
he paucity of sequence information for the fusogenic
rthoreoviruses has prevented a more comprehensive
equence-based analysis of the extent of divergence
nd phylogenetic relationships of the fusogenic and non-
usogenic orthoreoviruses. The current study, based on a
ultigenic sequence-based approach, indicated a re-
arkable degree of divergence between the fusogenic
nd nonfusogenic reoviruses and, most surprisingly,
ven within the fusogenic mammalian reoviruses. The
xtensive sequence divergence facilitated a reevaluation
f sequence-predicted structural motifs in the major
-class proteins, and maximum parsimony analysis es-
ablished the phylogeny of these diverse reoviruses con-
ributing to the definition of four species classes in the
enus Orthoreovirus.
RESULTS
equence analysis of the S-class genome segments
ncoding the major s-class core, outer capsid, and
onstructural proteins of the fusogenic reoviruses
The S-class genome segments of NBV, BRV, and two
trains of ARV that were predicted to encode the major
-class core, outer capsid, and nonstructural proteins of
he viruses (Schnitzer, 1985; Varela and Benavente, 1994)
ere determined from cDNA clones. The cDNA se-
uences were used for BLAST searches of the updated
enBank database, and in all cases, the only significant
FIG. 1. Members of the genus Orthoreovirus and their genome segme
long with their abbreviated nomenclature. The isolates obtained fro
usogenic isolates designated NBV and BRV. The ARVs include numer
ive different serotypes. Two additional isolates are also listed that wer
he genus into the fusogenic and nonfusogenic subgroups. (B) The purif
B) were resolved by SDS–PAGE and visualized by silver staining. Th
egments are indicated along with the numbering scheme of the S-class
n this particular gel.imilarity detected was against previously published se- tuences of ARV or MRV genome segments. The se-
uences of the S3 and S4 genome segments of ARV-
1133 and the S3 genome segment of ARV-1733 have
een previously reported (Yin et al., 1997; Chiu and Lee,
997; Vakharia, 1997). A single-nucleotide difference ex-
sts between the ARV-176 S3 genome segment se-
uenced in the present study and the previously reported
RV-1733 sequence. A maximum of five nucleotide dis-
repancies exist between the S3 and S4 genome seg-
ent sequences of ARV-176 and the reported ARV-S1133
equences (data not shown). These observations re-
ealed the high fidelity of the reported ARV sequences
nd suggested that ARV strains 176, S113, and 1733 are
ost likely different isolates of the same strain.
The clearly inferred homology with the nonfusogenic
ammalian reoviruses established the genome segment
oding assignments of the fusogenic orthoreoviruses,
hich are presented in Table 1, along with a summary of
he predicted coding and noncoding regions of the genome
egments. The ARV major s-class core, outer capsid, and
onstructural proteins of ARV-176 and ARV-138 are en-
oded by the S2, S3, and S4 genome segments, respec-
ively, as previously demonstrated by in vitro translation of
he ARV-S1133 genome segments (Schnitzer, 1985; Varela
nd Benavente, 1995). A similar situation exists for MRV
nd NBV except for the reversed order of the coding as-
ignments of the S3 and S4 genome segments (Table 1).
equence comparisons (see Figs. 4–6 and Table 2) clearly
evealed that the BRV S1, S2, and S3 genome segments
ncode the homologous s-class proteins. This surprising
esult suggested that the smallest genome segment of BRV
S4 in Fig. 1B) represents a severely truncated equivalent of
les. (A) The various members of the genus Orthoreovirus are indicated,
malian sources represent three serotypes of MRVs and the single
lates obtained from commercial poultry flocks that represent at least
ned from snakes. The bottom of the figure indicates the subdivision of
NA genome segments of ARV-138 (38), ARV-176 (76), NBV (N), and BRV
tions of the large (L), medium (M), and small (S) size class genome
e segments. The S3 and S4 genome segments of ARV-138 comigratednt profi
m mam
ous iso
e obtai
ied dsR
e loca
genomhe S1 genome segment of the other viruses.
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318 ROY DUNCANThe majority of each of the fusogenic reovirus genome
egments is occupied by a single extended open reading
rame that is flanked by relatively short 59-terminal and
onger 39-terminal noncoding regions (15–18 nucleotides at
he 59-termini versus 35–73 nucleotides at the 39-termini) as
reviously noted for MRV (Nibert et al., 1996). The open
eading frames of homologous genome segments encode
roteins of similar size with the notable exception of the
RV S2 genome segment. The BRV S2 genome segment is
pproximately 50–70 nucleotides larger than the corre-
ponding genome segments of the other viruses and con-
ains the shortest 39-terminal nontranslated region, result-
ng in a major outer capsid protein that is approximately 30
mino acids larger than the homologous protein encoded
y the other viruses (Table 1).
An examination of the terminal cDNA sequences (Fig.
) revealed that the 59-terminal 6–8 nucleotides and the
9-terminal 5–9 nucleotides are completely conserved
T
S-Class Genome Segments Encoding the
Virus
Major core protein Major
Genome
segment
Base
pairs ORF Codons
Genome
segment
B
p
RVa S2 1324 16–1263 416 S3 1
BV S2 1322 16–1263 416 S4 1
RV S1 1311 17–1255 413 S2 1
RVb S2 1331 19–1272 418 S4 1
a Applies to ARV-176 and ARV-138.
b Applies to MRV-La, MRV-Jo, and MRV-De.
T
Percent Identities of the Homologous Genome Segm
Strain ARV-176 ARV-138
ARV-176 98, 94, 95 60,
ARV-138 94, 83, 89 60,
ercent
NBV 60, 53, 49 60, 53, 49
ucleotide
BRV 40, 41, 33 40, 40, 32 43,
dentities
MRV-La 42, 37, 37 41, 36, 38 41,
MRV-Jo 40, 38, 38 41, 38, 39 43,
MRV-De 41, 39, 36 42, 37, 38 44,
a The percent identities were determined by pairwise comparisons o
ncoded proteins, using sequences aligned by the GAP algorithm of th
ucleotide sequences were adjusted to account for small gaps inserte
mino acid identities, whereas the bottom left numbers indicate nucle
he percent identity of the major core proteins, the second number ind
ndicates the percent identity of the major outer capsid protein. The sa
enome segments.etween the three genome segments of a particular
irus. Between the different viruses, the 59-termini dis-
lay a limited sequence conservation with a conserved
CT triplet present in the ARV, NBV, and MRV genome
egments that is absent from BRV (Fig. 2). The 39-termini
xhibit more extensive sequence conservation with a
onserved cDNA pentanucleotide sequence (TCATC-39)
hat is present in all of the fusogenic and nonfusogenic
eoviruses. This pentanucleotide sequence is distinct
rom the terminal sequences of other genera in the family
e.g., Bigot et al., 1995) and may represent a signature
equence for the orthoreoviruses. The conserved termi-
al sequences indicated that the fusogenic reovirus
DNA clones represented full-length replicas of the
enomic RNA segments and, in conjunction with the
equence similarities and previous biophysical compar-
sons (Duncan et al., 1995), supported the classification
f all of these viruses as orthoreoviruses.
s-Class Proteins of the Orthoreoviruses
capsid protein Nonstructural protein
ORF Codons
Genome
segment
Base
pairs ORF Codons
31–1131 367 S4 1192 24–1124 367
31–1113 361 S3 1192 29–1129 367
31–1218 396 S3 1150 23–1081 353
33–1127 365 S3 1198 28–1125 366
f the Orthoreoviruses and Their Encoded Proteins
rcent amino acid identitiesa
BRV MRV-La MRV-Jo MRV-De
30, 32, 22 31, 26, 24 31, 25, 25 31, 25, 23
30, 31, 24 31, 25, 23 31, 23, 24 31, 25, 25
32, 19, 21 30, 24, 20 31, 21, 18 30, 24, 20
28, 27, 16 29, 18, 18 28, 27, 16
40, 35, 30 94, 90, 90 94, 97, 97
39, 34, 29 86, 73, 80 94, 90, 90
39, 34, 30 86, 87, 94 77, 74, 77
mologous genome segments of the various orthoreoviruses, and their
software. The protein sequences were aligned first, and the aligned
amino acid alignments. Numbers in the top right of the table indicate
entities. Under each pairwise comparison, the first number indicates
the percent identity of the nonstructural protein, and the third number
uation applies to the percent nucleotide identities of the homologousABLE 1
Major
outer
ase
airs
202
185
253
196ABLE 2
ents o
Pe
NBV
49, 38
50, 38
40, 36
36, 35
38, 33
35, 34
f the ho
e GCG
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319ORTHOREOVIRUS PHYLOGENYdentification of four genogroups of orthoreoviruses
The predicted amino acid sequences of homologous
enome segments from the fusogenic reoviruses were
ligned with published sequences of the prototype non-
usogenic mammalian reoviruses. The sequences of the
ajor s-class core and nonstructural proteins were es-
entially contiguous, requiring only a few small gaps to
aintain the alignments (see Figs. 4 and 5). The s-class
ajor outer capsid proteins, which have diverged exten-
ively and differ in size (see Table 1), required the inser-
ion of numerous gaps and manual adjustment to im-
rove the alignments (see Fig. 6).
The aligned sequences were used in pairwise com-
arisons, and the percent amino acid sequence identi-
ies were determined. A similar approach was used to
etermine the percent nucleotide identities of the homol-
gous genome segments using cDNA sequences with
nserted nucleotide triplets in regions corresponding to
mino acid insertions used to maintain the protein align-
ents. The results of the pairwise comparisons are sum-
arized in Table 2, and for ease in comparison, the
ercent amino acid identities are presented graphically
n Fig. 3.
The percent nucleotide identity of the homologous
enome segments of the two ARV isolates exceeded
3%, resulting in amino acid identities of the encoded
roteins in the range of 94–98%, similar to the situation
etween the various MRV sequences (Table 2). In con-
FIG. 2. Conserved terminal sequences of the orthoreovirus S-class
enome segments. The 59- and 39-terminal plus-strand cDNA se-
uences of the cloned S-class genome segments of the fusogenic
rthoreoviruses sequenced in this report are compared with the pre-
iously published terminal sequences of the homologous genome
egments of mammalian reovirus, strain Dearing (see Materials and
ethods for the accession numbers of the sequences). The identities
f the genome segments and their encoded proteins are indicated on
he left. Sequences that are completely conserved between the differ-
nt genome segments of a particular virus are underlined. The ARV-176
equence is shown, which was identical to the ARV-138 sequence over
his region. The sequences of mammalian reovirus strains Jones and
ang show slight variations from the presented Dearing sequence but
ot in the conserved underlined regions.rast, sequence comparisons between the homologous cenome segments of ARV and MRV revealed extensive
ivergence with percent nucleotide identities of 36–42%
nd amino acid identities of the encoded s-class pro-
eins that ranged from 23% to 31% (Table 2 and Fig. 3A).
he degree of sequence divergence indicated that the
umerous ARV and MRV isolates represent two distinct
rthoreovirus genogroups.
The percent amino acid identities between the homol-
gous proteins of the fusogenic mammalian reovirus,
BV, and either the MRV or ARV genogroup ranged
etween 20% to 30% and 38% to 60%, respectively (Table
and Fig. 3A). The extent of divergence between NBV
nd MRV clearly established these isolates as two dis-
inct genogroups. The two- to three-fold increase in the
ercent amino acid identity of the NBV–ARV versus the
BV–MRV pairwise comparisons is in accord with pre-
ious evidence obtained from an antigenic comparison
FIG. 3. Amino acid identities in the three homologous major s-class
roteins of the fusogenic and nonfusogenic orthoreoviruses. The
DNA-predicted sequences of the s-class major core (black), nonstruc-
ural (lined), and major outer capsid (gray) proteins of the fusogenic and
onfusogenic orthoreoviruses were aligned in pairwise comparisons
sing the GAP algorithm of the GCG software. The percent amino acid
dentities were determined from the aligned sequences. (A) Pairwise
omparisons of MRV strain Dearing, ARV-176, and NBV. (B) Pairwise
omparisons of BRV with MRV strain Dearing, ARV-176, and NBV.
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320 ROY DUNCANf the viruses (Duncan et al., 1995), and in conjunction
ith the more extensive conservation of the ARV and
BV terminal genome segment sequences (Fig. 2), sug-
ests that ARV and NBV share a more recent evolution-
ry ancestor. The ARV–NBV similarity is, however, con-
iderably lower than the identities observed between
embers within the ARV or MRV genogroups, suggest-
ng that NBV represents a third orthoreovirus genogroup.
Most surprising was the demonstration that the sec-
nd fusogenic mammalian reovirus, BRV, represents a
eparate genogroup that is apparently no more closely
elated to the fusogenic NBV mammalian reovirus than it
s to either the MRV or ARV genogroup. Percent amino
cid identities between the BRV proteins and the homol-
gous proteins of the other three orthoreovirus geno-
roups ranged from 16% to 32% depending on the par-
icular pairwise comparison (Table 2 and Fig. 3B). There
as no significant increase in the percent amino acid
dentities between NBV and BRV versus comparisons of
RV with ARV or MRV, providing the first direct evidence
hat the only known fusogenic mammalian reoviruses
epresent two distinct genogroups.
omparison of the major s-class core, nonstructural,
nd outer capsid proteins of the fusogenic and
onfusogenic orthoreoviruses
Previous reports delineated conserved sequence-pre-
icted structural motifs in the MRV s-class proteins,
ased on a comparative analysis of different MRV strains
Dermody et al., 1991; Kedl et al., 1995; Weiner and Joklik,
987). The highly conserved nature of the primary se-
uences within the MRV genogroup makes interpretation
f the significance of these conserved sequence-pre-
icted structural motifs difficult. However, the conserva-
ion of these motifs between the four highly diverged
enogroups of reoviruses would lend added support to
he speculation that these motifs are functionally signif-
cant. Accordingly, the homologous proteins of the fuso-
enic reoviruses were examined for the presence of
hese conserved structural motifs.
The s-class major core protein of MRV, s2, represents
core structural protein that binds dsRNA and is impli-
ated in virion assembly and possibly RNA synthesis
Nibert et al., 1996; Ramig et al., 1978; Schiff et al., 1988).
equence analysis suggested a two-domain model for
2 with a predominantly b sheet structure over the N-
roximal three fourths of the protein and a smaller hy-
rophilic C-proximal domain with high helix propensity
Dermody et al., 1991). Despite the extensive sequence
ivergence, all of the fusogenic reovirus s-class major
ore proteins exhibit the same two-domain structure
data not shown). The conserved two-domain model is
onsistent with the hypothesis that the N-terminal do-
ain may mediate the participation of s2 as a compo-ent of the icosahedral shell of the reovirus core, ahereas the C-terminal domain may participate in inter-
ctions with the internal genomic RNA (Dermody et al.,
991). A region of similarity between MRV s2 and Esch-
richia coli DNA-dependent RNA polymerase was also
reviously noted in the N-terminal helical domain (Der-
ody et al., 1991). This region (indicated in Fig. 4) con-
ains a preponderance of acid and amide residues that
an be modeled as an amphipathic a helix and was
uggested as a possible site for RNA binding. The same
egion in the s-class major core proteins of ARV and NBV
oes not contain conserved primary sequence identity
ith the E. coli RNA polymerase, but it can be modeled
s an amphipathic helix, and it is somewhat enriched for
cid and amide residues (Fig. 4). However, this motif is
ot conserved in either primary sequence or predicted
econdary structure in the sequence of the BRV s-class
ajor core protein, suggesting either that the BRV s-core
rotein may not bind dsRNA or that this motif is not
irectly required for RNA binding.
The s-class major nonstructural protein of MRV, sNS,
ocalizes with the cytoskeletal fraction of cells, binds single-
tranded RNA (ssRNA) in a sequence-independent manner,
nd has been implicated in the earliest stages of RNA
ackaging and progeny virion assembly (Antczak and Jok-
ik, 1992; Huismans and Joklik, 1976; Mora et al., 1987). The
-terminus of the MRV sNS protein has recently been
hown to be important in influencing ssRNA binding (Gillian
nd Nibert, 1998) and was previously recognized as one of
he more highly conserved regions of the MRV sNS pro-
eins (Weiner and Joklik, 1987). The ARV sNS protein also
inds ssRNA (Yin et al., 1998), and the N-terminal 11 resi-
ues are relatively well conserved between the fusogenic
nd nonfusogenic reoviruses (Fig. 5). However, the am-
hipathic-helical nature of the N-terminal sequence in the
RV sNS proteins (Gillian and Nibert, 1998) is not con-
erved in the fusogenic orthoreovirus sNS proteins (data
ot shown), suggesting that an amphipathic helix at the
-terminus of sNS is likely not required for ssRNA binding.
he greatest sequence conservation in the sNS proteins
ccurs over the middle third of the protein (alignment po-
itions 137–276 in Fig. 5). This region exhibits highly con-
erved hydropathy profiles in all of the sNS proteins and
onsists primarily of predicted b sheets, turns, and loops in
he N-terminal portion with a highly conserved extended
elical domain at the C-terminus (data not shown). The
onserved primary and predicted secondary structures of
his central region in all four genogroups are suggestive of
common structural domain in the reovirus sNS proteins.
The s3 major outer capsid protein of MRV forms the
utermost surface of the virus particle, associates with the
-class major outer capsid protein, binds dsRNA and zinc,
nd is involved in the assembly of replication complexes
nd in the regulation of translation in virus-infected cells
Antczak and Joklik, 1992; Huismans and Joklik, 1976; Ja-
obs and Langland, 1998; Nibert, 1998; Schiff, 1998; Schiff et
l., 1988; Schmechel et al., 1997). The s-class major outer
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321ORTHOREOVIRUS PHYLOGENYapsid proteins displayed the highest levels of sequence
ivergence (Fig. 3), presumably a reflection of evolutionary
ressures exerted by the host immune response against
his external capsid protein. The majority of the conserved
mino acid positions are located in the N-terminal 80 res-
dues (Fig. 6). This region includes the previously identified
inc-finger motif (Schiff et al., 1988; Mabrouk and Lemay,
994), which is conserved as a CCHC-finger in all of the
FIG. 4. The aligned s-class major core proteins of the fusogenic and
-class major core proteins of the fusogenic and nonfusogenic reoviru
esidues that are identical in four of the seven proteins are indicated by
ubstitutions in four of the seven sequences. A region of similarity prev
s overlined. The sequences are identified using a binomial nomenclat
La, De, Jo), ARV-176 and -138 (76, 38), NBV (nb), and BRV (bv)] and gerthoreovirus outer capsid proteins. Two basic regions near the C-terminus of the MRV s3 protein (alignment positions
57–263 and 316–322 in Fig. 6) have been implicated in the
sRNA-binding activity of the protein (Mabrouk et al., 1995;
iller and Samuel, 1992; Wang et al., 1996). Only the sec-
nd of these two basic regions displayed some limited
onservation in the ARV and NBV sequences (Fig. 6), which
as completely absent in the BRV sequence. The complete
bsence of the first basic region and the limited conserva-
ogenic reoviruses. The cDNA-predicted amino acid sequences of the
re aligned using PILEUP and shaded using BOXSHADE. Amino acid
background shading. Gray shading indicates conservative amino acid
oted between the MRV sequences and the RNA polymerase of E. coli
t indicates the particular virus [MRV strains Lang, Dearing, and Jones
segment (S1, S2).nonfus
ses we
black
iously n
ure thaion of basic residues in the second domain, which is
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322 ROY DUNCANntolerant of amino acid substitutions to basic residues in
he MRV s3 protein (Wang et al., 1996), are consistent with
he recent proposal by Yin et al. (1997) that the outer capsid
roteins of ARV may not bind dsRNA. The absence of
sRNA binding by the fusogenic reovirus s-class major
uter capsid proteins, a property implicated in the interac-
ion of MRV with the dsRNA-activated translational regula-
ory pathways in cells (Imani and Jacobs, 1988; Jacobs and
angland, 1998; Lloyd and Shatkin, 1992; Schmechel et al.,
997), may profoundly influence host cell interactions by
hese viruses.
hylogenetic relationships of the fusogenic and
onfusogenic orthoreoviruses
The evolutionary relationships between the four or-
horeovirus genogroups was determined by maximum
FIG. 5. The aligned s-class major nonstructural proteins of the fusoge
f the s-class nonstructural proteins of the fusogenic and nonfusogeni
inomial nomenclature for the individual sequences and the shading
inding (thin overline) and a central region with conserved secondaryarsimony analysis using exhaustive searches; the to- Mologies of the phylogenetic trees generated for each of
hree s-class proteins are presented in Fig. 7. In all
ases, of the 945 possible trees for seven taxa, only one
ree was preferred (i.e., required the fewest number of
hanges).
This phylogenetic analysis supported the subdivision
f the orthoreoviruses into at least four distinct geno-
roups that cluster into three clades. The prototype MRV
solates represent a distinct clade, whereas the ARV
solates are grouped in a second clade. The greater
xtent of amino acid conservation between ARV and NBV
n all three proteins resulted in the grouping of the
usogenic mammalian reovirus NBV as a separate geno-
roup within the ARV clade (Fig. 7). The second fuso-
enic mammalian reovirus, BRV, clearly segregates into
third clade that is more distantly related to both the
nonfusogenic reoviruses. The cDNA-predicted amino acid sequences
ruses were aligned using PILEUP and shaded using BOXSHADE. The
are the same as in Fig. 4. A conserved region implicated in ssRNA
re (thick overline) are indicated.nic and
c reovi
schemeRV and ARV clades. The fact that the tree topologies
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323ORTHOREOVIRUS PHYLOGENYere identical for all three S-segment-encoded proteins
ndicates that natural genome segment reassortment did
ot contribute to the recent evolution of these orthoreo-
iruses, at least for the three S-class genome segments
xamined. These results provide the first basis for sub-
ivision of the orthoreoviruses into distinct taxonomic
nits based on their inferred evolutionary relationships.
DISCUSSION
xtensive divergence of the orthoreoviruses
The orthoreoviruses have been characterized on the
asis of extensive sequence analysis of the prototype
ammalian reoviruses that display amino acid se-
FIG. 6. The aligned s-class major outer capsid proteins of the fusoge
f the s-class major outer capsid proteins of the fusogenic and nonfuso
he binomial nomenclature for the individual sequences and the shad
inc finger is indicated. Open circles over the aligned sequences indic
resent in the MRV sequences.uence homologies exceeding 85% in all except the s1 rrotein, suggesting that the orthoreoviruses represent a
elatively homogeneous genus (e.g., Dermody et al.,
991; Duncan et al., 1990; Kedl et al., 1995; Weiner and
oklik, 1987, 1989). Contrary to this perception, the current
tudy revealed that the orthoreoviruses constitute a
ighly diverse genus with pairwise identities between
he homologous proteins of the four genogroups that
ange from 16% to 32%.
To place these percent identities in a broader context,
he human, bovine, simian, and avian members of the
roup A rotaviruses possess amino acid identities in the
ajor core protein VP2 that range from approximately
5% to 98% (Murphy et al., 1995). However, percent iden-
ities between the VP2 proteins of the group A rotavi-
nonfusogenic reoviruses. The cDNA-predicted amino acid sequences
reoviruses were aligned using PILEUP and colored using BOXSHADE.
eme are the same as in Fig. 4. The location of the conserved CCHC
location of conserved basic residues in the two RNA-binding motifsnic and
genic
ing sch
ate theuses with the group B and C rotaviruses decrease to
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324 ROY DUNCAN6–47%, in the same range as percent identities between
he VP12 proteins of different groups of coltiviruses (Mur-
hy et al., 1995) and similar to the extent of divergence of
he orthoreoviruses demonstrated in this report. This
xtensive divergence between, and even within, individ-
al genera in the family Reoviridae contrasts with per-
ent amino acid identities observed in some other RNA
irus families. For example, identities between different
ubgroups of enteroviruses, a large and diverse genus in
he family Picornaviridae, range from 53% to 84% (Poyry
t al., 1996), whereas percent nucleotide identities be-
ween the 14 clades of flaviviruses exceed 53% (Kuno et
l., 1998). Clearly, members of the various genera in the
amily Reoviridae are among the most evolutionarily di-
ergent of RNA viruses, and as shown in this report, the
rthoreoviruses are no exception.
Despite the level of primary sequence divergence, the
our genogroups of orthoreoviruses display similar bio-
hemical and biophysical properties, suggesting that es-
ential structural domains remain conserved. This con-
ention is supported by the present comparative se-
uence-based structural predictions of the homologous
roteins encoded by these diverged viruses that sug-
ested the presence of conserved structural domains. In
ddition, recent cryoelectron microscopy image recon-
tructions of ARV particles indicate that ARV and MRV
hare similar, although not identical, capsid morpholo-
ies (S. Walker, M. L. Nibert, T. Baker, and R. Duncan,
npublished observations). However, sequence analysis
lso indicated that some motifs that are conserved in
RVs are absent from the fusogenic reoviruses, sug-
esting that additional comparative structural and bio-
hemical studies are likely to reveal distinct biological
ifferences between the four genogroups of orthoreovi-
FIG. 7. Phylogenetic trees of the fusogenic and nonfusogenic orthor
equences of the major s-class core, nonstructural, and outer caps
arsimony analysis with exhaustive searches was performed using PA
he longest branch and the single most parsimonius tree is presented f
ore, nonstructural, and outer capsid proteins, respectively. The hori
ndicates the scale for 100 steps); vertical distances are arbitrary. Th
escribed in Fig. 4.uses. mhylogeny of the orthoreoviruses
The degree of dissimilarity in the four genogroups of
rthoreoviruses indicates that these viruses have been
ollowing separate evolutionary trajectories and served
o clarify the origins of the fusogenic mammalian reovi-
uses. Before this study, the origins of the atypical fuso-
enic mammalian reoviruses, NBV and BRV, were un-
lear. It was reasonable to assume that NBV and BRV
ay have originated recently, either from a fusogenic
RV that crossed the species barrier or from a nonfuso-
enic MRV that acquired the fusion-inducing genome
egment from ARV after natural genome segment reas-
ortment. The present results, however, clearly indicate
hat NBV and BRV represent distinct replicating lineages
hat have been evolving independently for an extended
eriod of time.
Aside from the ARV–NBV comparison, almost all of the
ther pairwise comparisons revealed amino acid identi-
ies of approximately 20–30% (Table 2), suggesting that
RV, MRV, and BRV all diverged from each other at about
he same point in time, followed by the more recent
ivergence of the ARV and NBV lineages (Fig. 7). Assum-
ng a nucleotide substitution rate of approximately 2.2 3
023 nucleotide substitutions/site/year, the predicted rate
f error for the bluetongue virus RNA polymerase (Kow-
lik and Li, 1991), the fusogenic and nonfusogenic or-
horeoviruses are estimated to have diverged from each
ther at least 300 years ago, followed by the divergence
f the ARV and NBV lineages approximately 100 years
ater. However, these are likely minimum estimates that
lmost certainly underestimate the time of divergence of
he orthoreovirus genogroups if we accept the hypothe-
is that the rate of amino acid substitution of a protein
es. Phylogenetic trees were generated using the aligned amino acid
eins of the fusogenic and nonfusogenic orthoreoviruses. Maximum
offord, 1993). The resulting phylograms were rooted at the midpoint of
protein. The overall tree lengths were 695, 703, and 785 steps for the
branch lengths are proportional to number of inferred changes (bar
ences are identified using the same binomial nomenclature schemeeovirus
id prot
UP (Sw
or each
zontal
e sequay significantly decrease as some minimum level of
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325ORTHOREOVIRUS PHYLOGENYonservation of essential structural and functional motifs
s approached (reviewed in Li, 1997).
Assuming that a particular protein has a relatively
onstant initial rate of amino acid substitution after di-
ergence, the phylograms and the extent of amino acid
ubstitution suggest that the three clades (BRV, ARV/
BV, and MRV) have been evolving separately for ap-
roximately the same length of time. Although the early
ivisions that lead to the current extant species cannot
e determined from the currently available data, the
evels of sequence identity imply that a primary bifurca-
ion in the tree, for example, to generate the fusogenic
nd nonfusogenic lineages, was followed almost imme-
iately by a second bifurcation to generate the lineage
or the third clade. In addition to the uncertain rooting of
he phylogenetic trees, it is not clear from the present
arsimony analysis whether the unusual syncytium-in-
ucing property of the fusogenic reoviruses represents
n ancestral state or the acquirement of a new property.
or example, depending on how the trees are rooted, a
ingle gain or loss of the fusogenic property could ex-
lain the appearance of the extant species. Ascertaining
he precise sequence of events that lead to the ARV,
RV, and BRV lineages (i.e., rooting the phylogenetic
ree) will require additional sequence or biological infor-
ation from a defined outlier, possibly the fusogenic
eptilian reovirus isolates (Ahne et al., 1987; Vieler et al.,
994).
species proposal for the genus Orthoreovirus
Based on the available data, it is proposed that the
our reovirus genogroups be assigned as separate virus
pecies. The species designation in virus classification
enerally follows the concept of independently evolving
ineages and should reflect phylogenetic relationships
Mayo, 1996; Van Regenmortel et al., 1997). In the case of
iruses with segmented genomes such as the Reoviri-
ae, the basis for assigning a virus to the species class,
ollowing the concept of replication in genetic isolation,
hould reflect the ability of different isolates to exchange
enetic material via reassortment of genome segments.
y this criterion, the various nonfusogenic MRV isolates
re clearly representatives of a single species as dem-
nstrated by extensive reassortment studies (reviewed
n Joklik and Roner, 1995; Ramig and Fields, 1983; Ramig
nd Ward, 1991). The species classification also applies
o the ARV isolates that generate reassortants after coin-
ection in cell culture (Duncan and Sullivan, 1998; Ni and
emp, 1990, 1992).
The present sequence analysis of three of the S-class
enome segments provided no evidence of recent ge-
ome segment reassortment between the four geno-
roups, as evidenced by the similar topologies of all
hree trees (Fig. 7), suggesting that these isolates repre-
ent separate orthoreovirus species. There was no evi- eence of a particular protein or genome segment with a
ignificantly higher percent of identity between discor-
ant virus pairs, suggesting that reassortment has not
nfluenced the recent evolution of the four orthoreovirus
enotypes. These results are consistent with the pro-
osal that these genogroups represent independently
volving lineages and, hence, warrant a species desig-
ation.
In the absence of any evidence indicating genome
egment reassortment between two reovirus isolates,
he species designation must be inferred from other
roperties of the viruses such as the extent of antigenic
onservation, genome organization, biological proper-
ies, and nucleotide and amino acid conservation (Van
egenmortel et al., 1997). The proposed species classi-
ication of the orthoreoviruses is supported by the exten-
ive divergence of the amino acid sequences of homol-
gous proteins (Table 2 and Fig. 3), by their distinct
lectropherotypes (the characteristic migration of the
RV and NBV S1 genome segments and the BRV S4
enome segment) (Fig. 1B), by their host ranges and
yncytium-inducing properties, and by previous studies
hat demonstrated limited antigenic similarity in the virus
tructural proteins as determined by immunoprecipita-
ion (Duncan et al., 1995). The cumulative weight of these
xperimental data supports the designation of ARV, MRV,
nd BRV as distinct species isolates.
In the case of NBV, the results demonstrate that NBV
nd ARV share a characteristic retarded gel mobility of
he S1 genome segment (Fig. 1B), more extensive con-
ervation in their 59-terminal genome segment nucleo-
ide sequences (Fig. 2), and higher overall sequence
dentity (Fig. 3A), indicating that NBV is more closely
elated to the ARV species than to either of the other two
pecies. However, the 40–60% amino acid identity be-
ween NBV and ARV is well below that observed be-
ween different ARV isolates (.95% identity). Although it
s not possible to define a single level of percent identity
hat delineates virus species in different genera (Van
egenmortel et al., 1997), it is proposed that for the
rthoreoviruses a species definition should include
mino acid identities that exceed 85% in the majority of
he encoded gene products, particularly in the more
onserved core proteins of the virus. Similar levels of
dentity are observed between the members of particular
ubgroups of other genera in the family Reoviridae (Mur-
hy et al., 1995). Based on the percent identity between
RV and NBV, in conjunction with the avian versus mam-
alian host range preferences, it is proposed that NBV
e given a separate species classification in the genus
rthoreovirus.
Although the four genogroups of orthoreoviruses have
een assigned to the species taxon, the extent of diver-
ence of the orthoreoviruses and the Reoviridae in gen-
ral, coupled with the numerous unique biological prop-
rties observed between different genera in the Reoviri-
d
m
f
t
t
g
o
o
V
s
w
N
f
v
t
e
h
w
s
f
a
1
a
m
c
s
g
d
i
e
m
m
f
(
a
R
e
o
w
p
o
w
o
t
R
d
(
4
m
t
a
1
E
d
p
i
c
m
f
N
C
N
a
w
I
S
N
C
f
i
C
c
7
t
f
s
w
S
U
r
d
u
t
m
t
g
o
v
s
s
m
a
p
j
p
p
A
t
f
326 ROY DUNCANae, raises the question of whether the existing genera
ight be better considered as subfamilies or possibly
amilies within a new order Reovirales. In such a case,
he three clades of orthoreoviruses would be elevated to
he genus level, one of which contains two species
roups: ARV and NBV. Such a reclassification will obvi-
usly require considerable discussion among members
f the Reoviridae study group of the ICTV.
MATERIALS AND METHODS
iruses and cells
ARV strain 176 (ARV-176) has been previously de-
cribed (Duncan et al., 1996). Strain SK138a (ARV-138)
as isolated from the hock joint of an infected chicken in
ew Brunswick (Drastini et al., 1992) and was obtained
rom Frederick Kibenge (Atlantic Veterinary College, Uni-
ersity of Prince Edward Island). BRV was isolated from
he brain tissue of a baboon with meningoencephalomy-
litis (Duncan et al., 1995). NBV was isolated from the
eart blood of a flying fox (Gard and Compans, 1970) and
as obtained from Terrence Dermody (Vanderbilt Univer-
ity). The ARV isolates were plaque purified and ampli-
ied to pass four using a multiplicity of infection of 0.01 in
continuous quail cell line, QM5 (Antin and Ordahl,
991), as previously described (Duncan et al., 1996). NBV
nd BRV were similarly plaque purified and amplified in
onkey Vero cells.
DNA cloning and sequencing
Viral dsRNA was isolated from concentrated virus
tocks as previously described (Duncan et al., 1995). The
enomic RNA (20 mg) was denatured in 10 ml of 90%
imethyl sulfoxide (Sigma) in heat-sealed glass capillar-
es for 30 min at 45°C. The RNA was poly(A)1-tailed by
xpelling the denatured RNA into preheated reaction
ixture (100 ml) containing 3 U of E. coli poly(A)1 poly-
erase (Life Technologies Inc.) and incubating at 37°C
or 10 min according to the protocol of Cashdollar et al.
1985). The reaction was stopped by the addition of EDTA
nd SDS to 30 mM and 0.15%, respectively, and the tailed
NA was isolated by phenol–chloroform extraction and
thanol precipitation. The tailed dsRNA was fractionated
n 1% agarose gels, and the S-class genome segments
ere excised from the gel and isolated using the RNaid
rotocol (BIO 101).
Tailed, gel-purified dsRNA (2 mg) was mixed with 1 mg
f an oligo(dT)18–NotI primer in a total volume of 12 ml of
ater. The sample was heated to 95°C for 10 min, chilled
n ice, and added to preheated (42°C) reverse transcrip-
ase reaction mixture containing 4 ml of 53 Superscript
T reaction buffer, 2 ml of 0.1 mM DTT, 1 ml of 10 mM
eoxynucleotides, and 1 ml (200 U) of Superscript RT
Life Technologies Inc.). The reaction was incubated at
2°C for 60 min and terminated by heating at 95°C for 10 sin. To extend truncated cDNA products, the reverse
ranscriptase reaction was repeated a second time. An
liquot (6 ml) of the final cDNA mixture was added to a
00-ml PCR containing Thermopol reaction buffer (New
ngland Biolabs), 2 mM MgSO4, 0.2 mM deoxynucleoti-
es, 1 mg of oligo(dT)18–NotI primer, and 2 U of Vent
olymerase (New England Biolabs). The PCR protocol
ncluded an incubation at 94°C for 5 min, followed by 35
ycles at 94°C for 1 min, 59°C for 2 min, and 72°C for 4
in and a final 10-min incubation at 72°C.
The amplified cDNA was isolated by phenol–chloro-
orm extraction and ethanol precipitation, digested with
otI, and gel-purified from 1% agarose gels using Gene-
lean (BIO 101). The digested cDNA was ligated to
otI-digested, dephosphorylated pBlueScript II SK (Strat-
gene) and transformed into E. coli DH5a, and clones
ere isolated by blue-white selection in the presence of
PTG and X-gal. Plasmid DNA was isolated by alkaline–
DS extraction (Sambrook et al., 1988), digested with
otI, and fractionated by agarose gel electrophoresis.
lones containing cDNA inserts the approximate size of
ull length S-class genomic dsRNA were sequenced us-
ng a Licor automated sequencer at the NRC-Dalhousie
ore Sequencing Facility. All clones were sequenced
ompletely in both directions. Extensive sequence (600–
00 nucleotides from the 39- and 59-termini) was ob-
ained from clones generated from independent RT-PCRs
or the NBV S2 genome segment and the S3 genome
egments of NBV, ARV-176, and ARV-138. No anomalies
ere detected from the redundant sequencing.
equence analysis
Sequences were compiled and analyzed using the
niversity of Wisconsin GCG software, version 8 (Deve-
eaux et al., 1984). The cDNA sequences and the pre-
icted amino acid sequences of the encoded gene prod-
cts were used in pairwise comparisons to determine
he extent of amino acid and nucleotide identity of ho-
ologous genome segments, using the GAP algorithm of
he GCG software. Multiple alignments of the homolo-
ous protein sequences of three prototype MRV strains,
btained from GenBank, and the four fusogenic orthoreo-
iruses sequenced in this report were obtained using the
equential alignment algorithm of PILEUP in the GCG
oftware suite. In the case of the highly diverged s-class
ajor outer capsid protein sequences, the gap weight
nd gap extension penalties were increased, and the
reliminary end-weighted alignments were visually ad-
usted. The aligned sequences were used as input for
hylogenetic analysis, performed using the maximum
arsimony software of PAUP, version 3.1 (Swofford, 1993).
ll gaps introduced to maintain the alignments were
reated as missing characters. Trees were constructed
or each of the three homologous proteins from the
even taxa using exhaustive searches. In all cases, only
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327ORTHOREOVIRUS PHYLOGENYsingle most parsimonius tree was generated. These
nrooted trees were displayed as phylograms that were
ooted at the midpoint of the longest branch.
ccession numbers
The accession numbers for the various genome seg-
ents of the fusogenic orthoreoviruses sequenced in
his report are as follows: ARV-176: S2-AF059716, S3-
F059720, S4-AF059724; ARV-138: S2-AF059717, S3-
F059721, S4-AF059725; NBV: S2-AF059718, S3-
F059726, S4-AF059722; and BRV: S1-AF059719, S2-
F059723, S3-AF059727. The homologous genome
egments of the nonfusogenic mammalian reoviruses
ere obtained from GenBank: MRV-La: S2-L19774, S3-
18389, S4-M13139; MRV-Jo: S2-L19775, S3-M18390, S4-
60066; and MRV-De: S2-L19776, S3-U35349, S4-K02739.
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